, using the heart-lung preparation of the dog, reported that the heart utilized chiefly fat in the fasted state, while Goodale and co-workers (I 7, 18) showed that fasting reduced the cardiac uptake of glucose and lactate concurrently with a fall in the cardiac respiratory quotient to 0.70, which is consistent with preferential oxidation of fat. This contrasts with the respiratory quotient of I .o found in the fed state, when carbohydrate is considered to be the main myocardial fuel (25) .
Fasting is associated also with changes in the carbohydrate and lipid metabolism of the <whole organism, including a fall in blood glucose and a rise inplasma lipids and free fatty acid (FFA) .
Because the myocardial uptake of glucose and FFA is intimately related to the circulating levels of these substrates (2, 26, 28) it is desirable to separate the effects of fasting on the level of circulating substrates from any direct effect on myocardial metabolism.
In the present study, isolated hearts were taken from rats which were fed or fasted, and the hearts were perfused with labeled glucose and palmitate of known initial concentration. Further experiments with glucose and palmitate alternately labeled and simultaneously present in the perfusate were designed to test the effect of the rat's nutritional state on the preferential oxidation of palmitate previously found in hearts taken from rats fasted overnight (3 I ).
METHODS
The isolated, perfused rat-heart preparation was used as previously described to allow measurements of C?"(>:! during studies of myocardial intermediary metabolism (26, 28, 31) . Hearts were taken from three groups of Sprague-Dawley or Wistar male albino rats, weighing from 200 to 250 g: I) rats fed ad libitum were allowed water and Purina laboratory chow until killed, 2) rats fasted overnight were allowed only water for 16-20 hr prior to decapitation, and ~3) rats fasted for 4 days by cutting all or half the heart into fine fragments which were extracted by prolonged shaking with chloroform-methanol 2 : I (bv volume); the extract was then purified by the Folch "salty wash" technique (13), which was twice repeated to remove radioactive contamination (6); the total lipids were dried and weighed, and the specific activity of an aliquot determined. Sometimes the incorporation of glucose carbon into glvceride-glvcerol was calculated , after the method of Cahill et <al. (6) by forming the dimedone derivative from the water-soluble fraction obtained after hydrolysis of the total lipid, further acidification, and removal of compounds soluble in petroleum ether. Tissue fatty acids were derived from the supernatant fluid by ethanol precipitation (as used for the isolation of glycogen) of a hot 30 '? K-OH digest of the heart.
The nonsaponified fraction was removed bv petroleum ether extraction (30-60 B.P.) and the rhmainder acidified to pH I. The fatty acids were removed by three petroleum ether extractions which were pooled, purified bv three aqueous washes, dried, and weighed; an aliquot'of a solution of this material was placed on a planchet and the specific activitv determined.
The concentration of FFA in the initial and final perfusate was measured by-titration (9). To determine the uptake of radioactivity; o. I -ml aliquots of the upper phase of the Dole extraction were taken from samples before and after perfusion, placed on planchets, allowed to dry, and counted. Measurements were made of the incorporation of carbon from palmitate I-P into CYO~ and tissue fatty acids. In some instances the specific activity of the nonsaponified fraction was determined, but this fraction could account for no more than 2 (28) from the specific activity and content of CO, and HCOS in the liquid phase and from the COY production during the perfusion.
Gas phase CO2 content and specific ac'tivity were measured by the collection of the gas phase in NaOH with subsequent formation of a BaC:Qj precipitate frorn which an aliquot was placed on a planchet and counted.
The carbohydrate recovery was taken as the percentage of the glucose uptake and glycogen breakdown during the perfusion that could be accounted for bv the surn'of glucose oxidation, pyruvate and lactate output, and any increase in cardiac glycogen (28 Tables I, 2) .
RESULTS
E&ct of fasting on donor rats. At the time the rats were decapitated, the blood sugar of the fed animals was I 32 =t 4.7 rng/' IOO ml, and the plasma FE4 was 0.30 + 0.04 n-m (n = 8 in each case). After an overnight fast the mean blood sugar fell by about one-third to 85 + I .7 mg/ I oo ml, while the plasma E'E4 increased about Glucose metabolism.
The changes in rnyocardial carbohydrate rnetabolisrn during the perfusion period are shown in Table 2 . Cornpared with the fed state, the glucose uptake bv hearts from rats fasted overnight was decreased by 'about one-third, while the two-thirds reduction in glucose oxidation and the similar reduction in the incorporation of glucose carbon into glycogen was greater than could result frorn the depressed glucose uptake. Instead of glycogen synthesis found in the fed state there was net glycogen breakdown.
Pyruvate production increased about threefold but the increase in lactate production was insignificant; thus the lactate-topyruvate ratio decreased. i In contrast to the marked effect of fasting on glucose metabolism, the uptake of FFA and the oxidation of palmitate 1-C" to C'"O2 and incorporation of label into tissue fatty acid were similar in hearts from rats fed ad libitum, fasted overnight, or fasted for 4 days ( In hearts taken from rats fasted for 4 days, the addition of palmitate to glucose U-C" was associated with a reduction in glucose oxidation from 3.1 =t 0.6 to 0.28 =t 0.06 pmoles/g, while incorporation of glucose carbon into glycogen increased from 0.1 h 0.03 to 0.7 AI 0.33 pmoles/g.
Since total recovery of glucose label in these hearts was not satisfactory, these data are not represented in detail. Accumulation of glycolvtic intermediaries may # account for the poor recovery under these conditions.
DISCUSSION
Fasting of the donor rats was associated with the expected metabolic changes, namelv a rise in the plasma F&4 level, a fall in the concentration of blood glucose, and an increase in cardiac glycogen. Other workers found higher values of cardiac glvcogen, especiallv in the fed state (I); this discrepancy could be caused by our technique of sacrifice which probably resulted in lower values than anesthesia (30) , and by the method of expression of results (see METHODS) .
Four days of fasting caused only slightly greater changes than the overnight fast, but the longer period was also studied because Hollenberg (20) has observed that the lipolytic activity of the rat heart in vivo was greater after the longer fast, suggesting continued adaptation to lipid utilization by the heart. The preperfusion period served to stabilize lactate production which was initially vigorous because of the activation of phosphorylase at the time of sacrifice (7). Some of the lactate was preformed during removal and mounting of the heart, as shown by lactate production in excess of glycogen breakdown.
The low lactate and pyruvate values found in the last minute of preperfusion, and in the tissue after preperfusion,
show that a negligible amount of lactate and pvruvate were transferred with the heart into the recirculation system. It is of interest that the tissue level of adenosine triphosphate was the same after preperfusion of hearts from fed or fasted rats as it was in hearts taken directlv from anesthetized or decapitated rats (unpublished data). The decreased glucose uptake by the perfused heart from fasted rats was approximately proportional to the decrease in blood sugar. It is impossible to conclude from the available information whether the decreased glucose uptake is secondary to metabolic changes of the adaptive type or to changes in the circulating levels of hormones such as insulin. Insulin might be bound to cardiac tissue and remain active during the perfusion period (37) . Insulin increases the glucose uptake in the fasted state to levels close to those found in the fed state without insulin but the COT production fails to rise proportionately ( Table 3 ), indicating that the alteration in carbohvdrate metabolism in fasting extends beyond the depressed glucose uptake. This is confirmed by the reduced lactate and pyruvate uptake by the heart in the fasted state (I 2, I 5, 18, 34) and by a depression of the rate of conversion of fructose 6-phosphate to fructose I-6-diphosphate (23). The reciprocal changes in the rat plasma FFA and blood sugar concentrations might suggest an indirect control of glucose uptake by the myocardial FE4 uptake, in keeping with the inhibition of the hexokinase reaction caused by the myocardial uptake of ketones and shorter chain fatty acids (24), and by fasting (3). Acetoacetate and long-chain fatty acids, substrates which are elevated in fasting, inhibit the insulin-induced increase in glucose uptake by the rat heart (3, 26, 35) . Fasting is probably associated with elevated serum levels of growth hormone (2 I) which is known to increase plasma F&l concentrations and to have an anti-insulin effect on glucose uptake by the perfused rat heart (5).
The glycogen breakdown during perfusion with glucose, 5 mM, of hearts from fasted rats is in contrast to glycogen synthesis in the fasted state in vivo. This glycogenolysis was not due to hypoxia because of the simultaneous decrease rather than increase of the lactateto-pyruvate ratio. Although the consequences of glycogenolysis may include decreased glucose uptake (possibly by accumulation of glycolytic intermediaries) and decreased Cl402 formation due to dilution of precursors of labeled COZ, yet this does not explain the changes in fasting which were also found when glycogen breakdown was avoided by the use of perfusates containing a much higher concentration of glucose ( The present studies stress the role of 1+74 as fuel for the heart because they-demonstrate that &X4, when available, are readily taken up and oxidized by hearts from both fed and fasted rats, and that FE4 can greatly reduce glucose oxidation in both nutritional
states. This supports the contention of Fritz (14) and Krebs (22) 
